ABSTRACT -This review considers the importance of compartmentation in the regulation of carbohydrate metabolism in leaves. We draw particular attention to the role of the vacuole as a site for storage of soluble sugars based on sucrose, and discuss briefly their characteristic metabolism. We also point out inconsistencies between the observed properties of vacuoles and the behaviour in vitro of the enzymes of fructan biosynthesis that do not support the hypothesis that the vacuole is the site of synthesis as well as of storage. We also consider compartmentation of carbohydrate metabolism between different cell types, using mainly our studies on leaves of temperate C3 gramineae. Here we present evidence of significant differences in carbon metabolism between epidermis, mesophyll, bundle sheath and vasculature based upon both single-cell sampling and immunolocalisation. The implications of these differences for the control of metabolism in leaves are discussed.
Introduction
The majority of the theories of metabolic control of carbon metabolism have been derived from measurements of the abundance of key metabolites, enzymes or gene sequences in tissue extracts. Preparation of tissue extracts destroys positional information at two scales; the location of processes within cells and the location of processes within tissues. Within mesophyll cells it is known that carbon is partitioned between chloroplast, cytosol and vacuole (Stitt 1996) , but much less is known about the significance of partitioning between different tissues within the leaf. The potential importance of such partitioning is, however, large. In wheat leaves, less than 50% of the volume is occupied by photosynthetic mesophyll cells (Jellings & Leech 1982) , and thus any uneven distribution of metabolites or enzymes could significantly affect estimates of both flux and abundance for the primary processes of carbon fixation and metabolism.
In leaves of temperate C3 gramineae, the situation is made more complex by the different chemical patterns of carbon metabolism. Starch does accumulate in chloroplasts, but only to small amounts, with sucrose and sucrosyl fructans acting as the major temporary storage carbohydrates (Pollock et al. 1999) . In this review, we consider the significance of compartmentation within photosynthetic cells and between these and non-photosynthetic cells in terms of the regulation of photosynthetic carbon metabolism. Where appropriate, we compare these processes with those occurring in C3 dicots. We propose that these studies have functional significance because of the variable occurrence of end-product inhibition of photosynthesis in leaves, and the possibility that this may be linked to either the chemistry or physiology of storage .
Intracellular Partitioning
The partitioning of current photosynthate within autotrophic cells involves movement of material between chloroplasts, cytosol, mitochondria and vacuoles . The best evidence for regulation of such interchanges comes from studies on chloroplasts. The autocatalytic nature of the photosynthetic carbon reduction pathway requires tight control of the rate of export of phosphorylated intermediates in order to maintain optimal rates of regeneration of RuBP. This is achieved via the tight coupling of the export of triose phosphates with the import of Pi through the phosphate translocator in the chloroplast envelope (Stitt 1996) . Additionally, the rate of utilisation of triose phosphate in sucrose biosynthesis is linked to the abundance of substrate and to the rate of utilisation of product via the fructose 2,6 bisphosphate regulatory cycle and via control of sucrose phosphate synthase activity (Huber et al. 1995 , Stitt 1996 . There is good evidence from a range of experimental systems (Stitt 1996) that the daily pattern of carbon fixation in leaves is associated with progressive shifts in partitioning between the retention of carbon within the chloroplast (leading to optimal RuBP regeneration), the export of carbon (leading to the biosynthesis of sucrose) and the further retention of carbon within the chloroplast (leading to starch accumulation).
There is a lot less information on the regulation of exchanges between other compartments. Mitochondria in the leaves of C3 plants import two major substrates for the TCA cycle -pyruvate and (unlike animals) malate; oxaloacetate can also be transported. The relative fluxes of these compounds are unknown, but the presence of alternatives to pyruvate is another example of the flexibility of plant metabolism (Douce & Neuburger 1989) . Measuring the concentrations of pyruvate and malate available to the mitochondria is complicated by inter-and intra-cellular compartmentation. All the evidence suggests that, in the dark, the rate of import of these substrates is determined by the rate of respiration, which is itself under control of adenylate turnover (Amthor 1989) ; more formally, the control of flux lies mainly with adenylates (Fell 1997) .
In the light, at least part of the TCA cycle is active but the flux through it is usually lower than in darkness, although it is very hard to measure (Kromer 1995 , Graham 1980 . Thus the import of pyruvate and malate will be lower. At the same time, photorespiration is the cause of a different set of mitochondrial fluxes usually larger than those associated with dark respiration: in the leaves of C3 plants, mitochondria import glycine, which is decarboxylated to serine, which is then exported (Douce & Neuburger 1989) .
In a number of sink tissues, it is known that accumulation of low molecular weight sugars in vacuoles is under tight metabolic control and there is good evidence for the occurrence of specific transporters at the tonoplast ). It appears that transport here is against a concentration gradient, with the process powered via the ATP-dependent establishment of a pH gradient that is linked to sucrose uptake via a sucrose-proton antiporter (Bush 1993) . This results in a significant compartmentation of sucrose and/or hexose, with higher concentrations in the vacuolar sap than in the cytosol.
The situation in leaves is much less clear. In many species, chloroplast starch is the major stored form of carbohydrate, and kinetic analysis suggests that much of the soluble sugar (mainly sucrose) is rapidly translocated out of the leaf. In others, such as temperate C3 grasses and cereals, sucrose is both stored and further metabolised in leaves, and starch is a relatively minor component (Cairns et al. 2000 . Studies on rapidly isolated vacuoles from cereal leaves showed that sucrose was quickly partitioned between cytosol and vacuole, with kinetics similar to the rate of synthesis (Kaiser et al. 1982) . A kinetic analysis of sucrose uptake suggested that active accumulation did not occur (Kaiser & Heber 1984) , and it was suggested that vacuolar and cytosolic concentrations were similar . This model has, however, been challenged by Heldt and co-workers for both barley and spinach (Winter et al. 1993 (Winter et al. , 1994 . They used the techniques of non-aqueous fractionation and stereological analysis to estimate the amount of sucrose in the total cytosolic, stromal and vacuolar pools together with the volume of these pools (Gerhardt & Heldt 1984) . A summary of some of these data is given in table 1, suggesting that there is active retention of sucrose in the cytosol of both sucrose-and starch-storing leaves. However, their cytosolic fraction will include phloem contents, which will artefactually increase its concentration. Unfortunately, the technique of single-cell sampling, which gives almost pure samples of vacuolar sap from a number of plant tissues (Tomos et al. 1992) , produces a mixture of cytosol and vacuole when applied to leaf mesophyll cells (Koroleva et al. 1997) . Currently, therefore, it is not possible to assess with certainty the significance of the vacuole in the active storage of sucrose and hexose in leaves. However, the large volume of the vacuole when compared with cytosol means that a significant proportion of the low molecular weight soluble sugars in the leaf will reside in this compartment, even if the cytosolic concentrations are higher.
The vacuole is, however, undoubtedly involved in the storage of higher molecular weight soluble sugars based on sucrose, particularly fructans and the raffinose-family oligosaccharides (RFO; Pollock et al. 1999 ). Analysis of enzymatically-prepared vacuoles from a range of species and tissues where these compounds accumulate has indicated both the presence of the compounds themselves and, in some cases, the enzymes thought to be involved in their synthesis (tables 2 and 3). In the case of RFO synthesis in leaves of Ajuga reptans, the enzymes that catalyse the formation of galactinol and stachyose (processes thought to occur in the cytosol) could not be found in purified vacuoles, whereas the reversible galactosyl transferase that catalysed chain elongation was present apparently exclusively in vacuoles. This is consistent with the first stages of synthesis being cytosolic, followed by transport of stachyose into the vacuole and subsequent chain elongation (Bachmann et al. 1994 , Bachmann & Keller 1995 .
Unfortunately, the situation in leaves of temperate gramineae that accumulate fructans is less clearcut. The majority of the fructans in barley leaves, together with the measurable fructosyl transferase activities thought to be responsible for their synthesis, can be isolated from vacuoles (Wagner et al. 1983 , Wagner & Wiemken 1986 , Matile 1987 . There is, however, a considerable discrepancy between the conditions within the vacuole and the conditions needed for in vitro fructan synthesis (Cairns et al. 2000) . To obtain in vitro high rates of fructan synthesis and products that are similar in chemical structure to native fructan, high concentrations of sucrose (>300 mM) and high concentrations of enzyme protein (>5 g fresh mass equivalents cm -3 ) are needed (Cairns et al. 1989 , Cairns 1995 . These do not equate to measurements of concentrations in isolated vacuoles, which are considerably lower (Cairns et al. 2000) . Although it is possible that some form of metabolic channelling exists (Dixon et al. Concentrations were derived from stereological estimates of volume and determination of metabolites by non-aqueous fractionation. F 1,6 BP; fructose 1,6 bisphosphate. From Winter et al. 1993; 1997), it is equally possible that synthesis occurs elsewhere and that newly-synthesised fructan and the enzymes responsible are moved into the vacuole for storage. Such a suggestion has been made by Kaeser (1983) on the basis of ultrastructural studies of Jerusalem artichoke tubers. Measurements of hydrolytic activity (table 2) indicate that these enzymes are also in the vacuole. Here affinities for the substrate are much higher and there is less need to consider alternative patterns of compartmentation. It would appear, therefore, that there is good evidence for a role for the vacuole in carbohydrate storage, but some doubt over the involvement of vacuolar processes in the biosynthesis of these polymers.
Tissue Partitioning
It seems obvious that there must be some elements of tissue partitioning of carbon within many leaves, including those of temperate gramineae, given the range of tissue types and the apparent concentration difference between sucrose in mesophyll cells (20-200 mM) and phloem (500-1000 mM, Winter et al., 1992) . Direct demonstration of partitioning, however, is not straightforward because of the difficulties involved in mechanical dissection and the almost universal presence in leaves of hydrolytic enzymes that can degrade sucrose, starch and fructans whenever tissues are damaged. Histochemical analysis of starch granule accumulation in barley chloroplasts showed differences in both appearance and diel kinetics between mesophyll cells and those of the photosynthetic parenchymatous bundle sheath (Williams et al. 1989) . Immunohistochemical analysis of the distribution of acid invertase within barley leaves also indicated non-uniformity, with considerably greater antigen abundance in the vicinity of the vascular bundles than in the interveinal mesophyll (Kingston-Smith & Pollock 1996) .
It has, however, been the development of singlecell analysis methods (Tomos & Leigh 1999 ) that has permitted an unequivocal estimate of the extent of tissue compartmentation of carbon metabolism in cereal leaves. The samples of tissue sap are collected into an oil-filled glass microcapillary mounted on a micromanipulator. The capillary is inserted through the cell wall whilst the tissue is observed under a stereomicroscope. The turgor pressure within the cell forces the cell sap into the capillary and this sample can then be expelled onto the surface of a Fructan exohydrolase 94
Vacuolar distribution was estimated using α-methyl mannosidase as a vacuolar marker and comparing activities in isolated mesophyll protoplasts and the purified vacuoles liberated from such protoplasts. All determinations were made using illuminated detached leaves that were actively accumulating fructan except that for fructan exohydrolase, where protoplasts were prepared from leaves of whole seedlings undergoing fructan turnover. Higher oligosaccharides 108
Galactinol synthase 3
Stachyose synthase 8
Galactan:galactan galactosyl transferase 106
Vacuolar distribution was estimated using α-methyl mannosidase as a vacuolar marker and comparing activities in isolated protoplasts and the purified vacuoles liberated from such protoplasts. From Bachmann & Keller 1995. glass slide under a layer of water-saturated paraffin oil, sub-sampled by picolitre constriction pipette and the sub-samples analysed. Assay of sugars and malate is via enzyme-linked reduction of pyridine nucleotides that are then measured fluorimetrically (Koroleva et al. 1998 (Koroleva et al. , 2000 . The experimental challenge was to be able to measure accurately fructans in the presence of sucrose. This was overcome by using sucrose phosphorylase specifically to cleave sucrose (Harrison et al. 1997 ) and yeast invertase in excess to degrade both sucrose and fructan (Koroleva et al. 1998) . The resultant hexoses could be assayed directly. Barley plants were treated to stimulate sucrose accumulation, and hence to induce fructan accumulation (Wagner et al. 1983 , Housley & Pollock. 1985 , Simpson et al. 1991 . In separate experiments, roots were cooled to reduce sink activity, and carbon fixation was increased by increasing the irradiance (Koroleva et al 1997) . The results obtained for measurements on epidermal, mesophyll and parenchymatous bundle sheath cells are summarised in table 4. Significant differences between the three cell types were observed. Epidermal cells contained low concentrations of sucrose, glucose and fructose, and no fructan. Experimental treatments that promoted sucrose and fructan accumulation did not affect the sugar contents of these cells. The majority of the soluble carbon in epidermal cells was as malate (Frike et al, 1994 , Koroleva et al. 2000 . By contrast, mesophyll and parenchymatous bundle sheath cells accumulated sucrose after both environmental treatments, together with significant amounts of fructan. The ratio between sucrose and fructan differed markedly, however, between the two cell types. The fructan to sucrose ratio was much higher under both treatments for parenchymatous bundle sheath cells, which is consistent with a gradient of sucrose concentration between the mesophyll cells and the site of active vein loading in the phloem parenchyma (Koroleva et al., 1998 (Koroleva et al., , 2000 . 14 CO2 feeding to the leaves, followed by analysis of the radioactivity in single-cell samples using accelerator mass spectrometry (Zondervan & Sparks 1997) indicated that the sucrose pool in mesophyll cells rapidly reached isotopic equilibrium with the external 14 CO2. By contrast, bundle sheath cells had a lower specific activity, suggesting that there were significant unla- Koroleva et al. 1998. belled pools of sucrose, and perhaps that these cells were involved in refixation of carbon dioxide released by respiration from within the vascular bundles (Koroleva et al., 2000) . It has been suggested (Labhart et al. 1983 ) that fructan synthesis in leaves serves to stabilise the sucrose concentration at levels that would prevent adverse effects. If this is so, then the observations summarised above indicate that the process must also be considered in conjunction with the sequestration of sucrose both within the vasculature and within individual cell types. There are two lines of evidence to suggest that this latter process may be significant. Firstly, we have calculated the mean sucrose content of cell sap from the cell types that can easily be sampled by single cell analysis (comprising about 70% of tissue volume). When we compared this with the sucrose content of whole leaf extracts from replicate leaves, we were only able to account for some 60 % of the total leaf sucrose, suggesting that the remainder is accumulated within the vasculature (comprising only about 6% of tissue volume) (Koroleva et al. 1998) . The second line of evidence relates to the distribution of invertase protein and activity. As mentioned above, invertase protein appears to be immunologically localised around the veins (Kingston-Smith & Pollock 1996) . We used measurements of the rate of sucrose hydrolysis in single-cell samples to estimate soluble invertase activity and then compared it to extractable activity in whole-leaf extracts. In this case, only ca 9% of the total soluble activity was present in cell sap from epidermal, mesophyll and parenchymatous bundle sheath cells (table 5; Koroleva et al., 1997) .
Based on these observations, we propose that there is extensive compartmentation of primary carbon metabolism within leaves of temperate gramineae. Epidermal cells appear to be buffered from environmentally-induced changes in assimilate abundance, with mesophyll and parenchymatous bundle sheath cells showing differential responses of starch, sucrose and fructan metabolism. There is also strong circumstantial evidence that significant elements of carbon metabolism are also localised in the vasculature, although technical limitations make it difficult to measure these directly.
We know that the induction of fructan metabolism in leaves is associated with changes in the pattern of gene expression (Cairns & Pollock 1988 ). Recently we have developed techniques to extract, amplify and assess the relative abundance of specific mRNA species from single cell samples . In initial experiments, we have shown that transcript abundance for a barley fructosyl transferase (sucrose-fructan 6-fructosyltransferase; Sprenger et al. 1995) increases in both mesophyll and bundle sheath cells in response to increased sucrose contents (figure 1; Koroleva et al. 2001) . Further development of this approach should enable us to pinpoint the location and timing of gene expression changes in response to alterations in assimilate abundance and to extend this to analysis of possible down-regulation of key photosynthetic processes.
Conclusions
Specialisation of function is a key element in the evolution of higher multicellular organisms. Morphological analysis of vascular plants provides ample examples of such specialisation at the organ, tissue, cellular and sub-cellular level. It is, perhaps, a consequence of the resolution of "traditional" biochemical techniques that studies on metabolic specialisation have tended to emphasise the physical location of specific pathways or enzymes rather than spatial differences in flux or metabolic control. Unfortunately, plant responses to edaphic or biotic changes are often exhibited, at least initially, precisely at the latter level. The development of techniques such as image analysis, reporter genes, in situ hybridisation and single cell analysis offers new Table 5 . Distribution of acid invertase activity in samples from different cell types within barley leaves.
Sample
Acid invertase activity (128mmol sucrose cleaved h -1 .g -1 fresh wt.)
Whole tissue 30
Epidermal cells 2
Mesophyll cells 4
Parenchymatous bundle sheath cells 2
From Koroleva et al. 1997. opportunities to analyse the dynamics of metabolism at the tissue level. The leaves of temperate C3 grasses and cereals function in an environment where marked changes in the supply of and demand for fixed carbon occur on an annual, daily and momentby moment basis. The flux through primary carbon metabolism is large and the effects of environmental changes on such metabolism are equally significant.
As such, they offer an excellent model system for the application of these approaches and our understanding of the central importance of compartmentation of metabolism is likely to grow rapidly over the next few years. 
